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Abstract 
In this study the Principal Component Analysis (PCA) technique was applied to the night flow data collected from a water 
distribution system in South Korea. The principal components of the observed flow data were determined, and the scores of the 
data and the model residual errors were used to calculate the statistics T2 Hotelling and Distance to Model (DMOD) which 
represent severe and moderate outliers for the PCA model, respectively. The changes in the dates which have the outliers 
obtained from the PCA using various analysis periods were analyzed. As a result, the best flow data size for the PCA of a District 
Metered Area was determined.G
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1. Introduction 
Monitoring of a water distribution system is usually dependent on the SCADA system by which flow data of a 
pipe network is collected. Due to the enormous amount of data collected by the SCADA system analyzing the data 
can hardly be conducted using only the human cognitive capacity. The pipe flow data may be treated as multivariate 
which may have correlation among them and analyzed using multivariate data analysis techniques to process the raw 
data into a more meaningful format and context which will aid a further maintenance decision [1]. 
In this study the Principal Component Analysis (PCA) technique was applied to the night flow data collected 
from a water distribution system in South Korea. The analyses were conducted to analyze the relevance of 
calculated outliers of the PCA model and the recorded incidents of a case study water distribution system such as 
pipe leak and abnormal water usage. The principal components of the observed flow data were determined, and the 
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scores of the data and the model residual errors were used to calculate the T2 Hotelling and Distance to Model 
(DMOD) statistics which represent severe and moderate outliers for the PCA model, respectively.  
The PCA is a multivariate data analysis technique which is related to compressing a high-dimensional data into a 
low-dimensional data. The PCA tries to explain most of variability in data using a fewer number of variables. The 
Principal Components (PCs) of a PCA model are statistically independent and the first PC explains the variability of 
original data most and the explanatory power of the rest PCs reduces gradually.  
Using the PCA the variance-covariance matrix X of an n by m matrix may be decomposed as 
EPTX T u    (1) 
where T is the n by f principal component scores matrix, P the m by f loading matrix, and E the n by m residual 
matrix. 
The columns of the loading matrix P represent the eigenvectors of the eigenvalue of the variance-covariance 
matrix of a matrix X. 
2. The Flow Data and Computational Algorithm 
The flow data used in this study are the observed water pipe flow data in A-1, A-2, A-3 and A-4 District Metered 
Area(DMA) in a city’s water pipe network in South Korea recorded from September 1 to December 31. Among the 
collected flow data the data during night time, which is 0 hr to 6 hr in a day, are used for the analysis due to the fact 
that anomalies in water pipe network such as leak and abnormal water usage may be identified more easily during 
night times. 
The criteria of eliminating flow data from the analysis are defined as whether the calculated date which has 
outliers from the analysis matches the recorded leak date. However, assuming that the time by the operator 
recognizes leak or customer complaints are received may take from 3 to 7 days a computational algorithm shown in 
Fig. 1 was developed for analyzing the relationship between the calculated dates which have outliers from the 
analysis and the recorded leak dates. 
Since the outliers of the analysis depend on the size of the data used, the algorithm utilized a feature as shown 
in Fig. 1 which can select the size of data for analysis. The data size used for the analysis ranges from 20 days to 90 
days of flow data in the increment of 10 days. The DMOD and T2 Hotelling statistics for daily flow data were 
calculated and the dates for which these statistics are greater that the critical limits of each statistics were checked. 
Then, these dates that have the outliers of the DMOD and T2 Hotelling statistics were checked if these dates were 
within 3 or 7 days prior to the recorded leak date. 
Since the size of flow data selected for an individual analysis is less than the total period for which the whole 
recorded flow data exist, for each size of flow data selected for an individual analysis the beginning date for analysis 
was moved one day starting from September 1, 2012. As a result, each individual analysis for the same flow data 
size will have a different period of recorded flow data used for the analysis. For example, if a flow data size of 30 
days was chosen, the first analysis used the flow data during September 1 ~ 30, 2012. Then, the second analysis 
used the flow data during September 2 ~ October 1, 2012. Therefore, the total number of analyses for the case of 
flow data size of 30 days was mounted to 93. MATLAB was used to realize the algorithm developed in this study. 
The purpose of analyzing the relationship between the calculated dates which have the outliers from the analysis 
and the recorded leak dates was to determine the best flow data size for the purpose of PCA of a DMA. For this 
purpose the changes in the dates which have the outliers obtained from the analysis were analyzed using the 
algorithm shown in Fig. 1. It was considered that if the number of the dates which have the outliers were relatively 
small for a selected flow data size than other number of the dates which have outliers for differently selected flow 
data size, the dates which have the outliers were considered not to be significant outliers for the PCA model and 
does not contribute to the accuracy of leak prediction using the PCA models. Therefore, if the number of dates 
which have outliers repeatedly occurred for the PCA for a selected flow data size was less than 5 or 10, those dates 
were excluded from the analysis of comparing the calculated dates with the outliers from the analysis and the 
recorded leak dates. 
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Fig. 1. Algorithm for the Principal Component Analysis of Night Flow Data. 
Two cases of analyses have been undertaken: (1) Analysis Type A which takes into account the difference 
between the calculated dates which has outliers from the analysis and the recorded leak dates is less than or equal to 
3 days and excluded the dates which have outliers not exceeding the limits of the outliers 5 times for the PCA for a 
selected flow data size; (2) Analysis Type B which takes into account the difference between the calculated dates 
which has outliers from the analysis and the recorded leak dates is less than or equal to 7 days and excluded the 
dates which have outliers not exceeding the limits of the outliers 5 times for the PCA for a selected flow data size. 
The results of these analyses are shown in Table 1 and Table 2. 
In Table 1 and Table 2 the numbers that are not in parentheses represent the elapsed number of days of the 
calculated dates since September 1, 2012 which has outliers from the PCA and fall within 3 or 7 days prior to the 
recorded leak dates. On the other hand, the numbers that are in parentheses represent the percentage of the dates 
which has outliers from the PCA that fall within 3 or 7 days prior to the recorded leak dates among the total number 
of the dates which has outliers from the PCA less the dates which have outliers not exceeding the limits of the 
outliers 5 or 7 times for the PCA for a selected flow data size.  
The criterion to determine the best flow data size for the PCA was chosen as the flow data size that has the 
highest percentage of the dates which has PCA outliers. Therefore, the flow data size with the greatest number 
inside parentheses in Table 1 and Table 2 correspond to the best flow data size for the PCA of a DMA.  
Since the T2 Hotelling statistic is usually used in detecting large outliers and the DMOD statistic is normally 
included in the T2 Hotelling statistic [1]. Therefore, the percentages of the dates, which have the PCA T2 Hotelling 
outliers, were first considered and, if the T2 Hotelling outliers do not exist, the percentages of the dates, which have 
the PCA DMOD outliers, were considered.  
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Table 1. Analysis type A. 
Analysis 
Period 
A-1 A-2 A-3 A-4 
DMOD 
(%) 
T2 
(%) 
DMOD 
(%) 
T2 
(%) 
DMOD 
(%) 
T2 
(%) 
DMOD 
(%) 
T2 
(%) 
20 
50 
(100) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
30 
50 
(25) 
- 
(0) 
57,116 
(29) 
55,64,113,114 
(31) 
61 
(9) 
35,36,64 
(27) 
- 
(0) 
- 
(0) 
40 
50 
(9) 
- 
(0) 
55,116 
(15) 
55,64,114 
(20) 
61 
(6) 
35,36,61,64,76 
(36) 
56 
(13) 
- 
(0) 
50 
- 
(0) 
50 
(20) 
57 
(8) 
55,64,114 
(23) 
61 
(8) 
35,36,61,64,76 
(33) 
56 
(8) 
- 
(0) 
60 
- 
(0) 
50 
(13) 
57 
(8) 
64,114 
(17) 
61,105 
(12) 
35,36,61,64,76 
(36) 
56 
(8) 
- 
(0) 
70 
- 
(0) 
- 
(0) 
- 
(0) 
64,114 
(17) 
61 
(7) 
35,36,61,64,76 
(36) 
56 
(8) 
- 
(0) 
80 
- 
(0) 
- 
(0) 
- 
(0) 
64,114 
(17) 
61 
(9) 
35,36,61,64,76 
(38) 
- 
(0) 
- 
(0) 
90 
- 
(0) 
- 
(0) 
- 
(0) 
55,64,114 
(23) 
61 
(10) 
35,36,64,76 
(29) 
- 
(0) 
- 
(0) 
 
For the case of A-1 DMA the percentage of the PCA T2 Hotelling outliers for the flow data size of 50 days was 
the highest for both analysis types. For the case of A-2 DMA the percentage of the PCA T2 Hotelling outliers for the 
flow data size of 30 days was the highest for both analysis types. Therefore, the best flow data size for a PCA for A-
1 and A-2 DMA was determined to be 50 and 30 days, respectively. For the case of A-4 DMA the PCA T2 Hotelling 
outliers do not exist for both analysis types. Therefore, based on the percentages of the PCA DMOD outliers, it was 
found that the best flow data size for a PCA for A-4 DMA was determined to be 40 days for Analysis Type A and 
50 days for Analysis Type B, respectively. 
Therefore, for A-4 DMA the flow data size of 40 or 50 days may be used to best utilize the PCA. For the case of 
A-3 DMA the percentage of the PCA T2 Hotelling outliers is the highest for the flow data size of 80 days for 
Analysis Type A and 60 days for Analysis Type B. However, since there is not much difference in the percentage of 
the PCA T2 Hotelling outliers between the cases of 80 days and 60 days for Analysis Type A, it is considered that 60 
days is more appropriate for A-3 DMA.  
3. Conclusions  
In this study the PCA technique was used to analyze the relationship between the dates with calculated outliers of 
the PCA T2 Hotelling and DMOD outliers and the recorded leak dates in a water distribution system in South Korea. 
For this purpose a computation algorithm is developed and realized using MATLAB. 
The data size used for the analysis ranges from 20 days to 90 days of flow data in the increment of 10 days due to 
the fact that the size of flow data selected for an individual analysis is less than the total period for which the whole 
recorded flow data exist. The changes in the dates which have the outliers obtained from the analyses using the 
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various analysis periods were analyzed.  
Table 2. Analysis type B. 
Analysis 
Period 
A-1 A-2 A-3 A-4 
DMOD 
(%) 
T2 
(%) 
DMOD 
(%) 
T2 
(%) 
DMOD 
(%) 
T2 
(%) 
DMOD 
(%) 
T2 
(%) 
20 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
- 
(0) 
30 
50 
(50) 
- 
(0) 
57 
(100) 
52,53,59,64 
(44) 
57,61,71,101 
(80) 
31,36,101 
(50) 
- 
(0) 
- 
(0) 
40 
50 
(33) 
46 
(20) 
44 
(50) 
52,53,59,64 
(40) 
57,58,60,61,72,100,101 
(88) 
31,36,61,64,76,101 
(60) 
56 
(13) 
- 
(0) 
50 
46 
(25) 
46,50 
(50) 
44 
(17) 
52,53,59,64 
(40) 
57,60,61,72,101 
(45) 
31,35,36,57,60,61,64,76, 
101 
(69) 
56 
(13) 
- 
(0) 
60 
46 
(25) 
- 
(0) 
44,53 
(25) 
52,53,59,64 
(40) 
57,60,61 
(38) 
35,36,57,60,61,64,76,101 
(73) 
56 
(11) 
- 
(0) 
70 
46 
(20) 
- 
(0) 
44,53 
(29) 
52,53,59,64 
(40) 
57,60,61 
(38) 
35,36,60,64,76 
(50) 
- 
(0) 
- 
(0) 
80 
46 
(20) 
48 
(10) 
44,53 
(33) 
52,53,59,64 
(40) 
57,61 
(25) 
35,36,60,67,76 
(45) 
- 
(0) 
- 
(0) 
90 
46 
(20) 
46 
(13) 
44 
(14) 
52,53,59,64 
(40) 
57 
(17) 
35,36,57,60,64,76 
(50) 
- 
(0) 
- 
(0) 
 
The DMOD and T2 Hotelling statistics for daily flow data were calculated and the dates for which these statistics 
are greater that the critical limits of each statistics were checked. Then, these dates that have the outliers of 
the DMOD and T2 Hotelling statistics were checked if these dates were within 3 or 7 days prior to the recorded leak 
date. If the number of dates, which have outliers repeatedly, occurred for the PCA for a selected flow data size, was 
less than 5 or 10, those dates were excluded from the analysis of comparing the calculated dates with the outliers 
from the analysis and the recorded leak dates. 
As a result, the best flow data size for the PCA of a DMA was determined by obtaining the highest percentages 
of data, which has the outliers from the PCA falling within 3 or 7 days prior to the recorded leak data. Among the 
total number of data, those having outliers from the PCA less than data having outliers not exceeding the critical 
limits of the outliers 5 or 7 times for the PCA for a selected flow data size were checked to determine the best flow 
data size for the PCA of a DMA. 
The best flow data size for the PCA of a DMA will depend on the specific characteristics of the water usage of a 
DMA. In this study, a rather small scale of data in which the recorded data covers 4 months of flow data and only 13 
pipe leak records was used. 
Therefore, further studies, based on a larger water pipe flow dataset with more pipe leak or other abnormal water 
usage records from multiple water pipe network sites, are needed to apply the PCA technique and the computational 
algorithm developed in this study to the prediction water pipe leak or abnormal water usage behavior in a water pipe 
network. 
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